Biodiesel, a mixture of long-chain fatty acid methyl esters (FAME) 
INTRODUCTION
Since the Industrial Revolution, energy has become a key factor in economic growth. Most of the primary global energy production derives from fossil energy ( Fig. 1) , thus contributing to CO 2 emission (Table 1) . Society is actively searching for alternatives to fossil fuels for both environmental purposes and energy independence. Biofuel production, prompted by the potential to contribute to energy security, climate change mitigation, and rural development, has experienced rapid growth in recent years (Demirbas, 2007) .
First-generation biodiesel, a mixture of long-chain fatty acid methyl esters (FAME), can be used in conventional diesel engines without significant modification. This fuel has higher oxygen content than petroleum diesel and its use in diesel engines has shown great reduction in the emission of particulate matter (PM), carbon monoxide, sulphur, polyaromatics, hydrocarbons (Fig. 2) , smoke, and noise. In addition, combustion of vegetable-oil-based fuel does not contribute to the carbon footprint since the CO 2 generated is converted by plants through photosynthesis into biomass.
Biodiesel is produced through a transesterification reaction (Reaction 1) between a lipid source (vegetable oils and fats) and an alcohol (methanol or ethanol), yielding a mixture of esters (FAME) and glycerol (10% w/w). From low-value lipid raw materials, with high content of free fatty acids, FAME is also produced by esterification reactions (Reaction 2). Today's commercial production of biodiesel is based on homogeneous catalysts. The cost of biodiesel production is high; i.e., 1.5-3 times more expensive than conventional diesel (Endalew et al., 2011) . The replacement of homogeneous catalysts by heterogeneous catalysts could reduce production cost, thus making biodiesel competitive with petroleum diesel from an economic point of view. Acid, basic, and enzyme solid catalysts are referred to as alternatives to biodiesel production (Zabeti et al., 2009; Chouhan and (Santos, 2007) 2011). However, most of these catalysts present interesting initial catalytic behaviors but deactivation is still a problem. In fact, the leaching of the active phase in the reaction mixture is usually the main process leading to deactivation (Refaat, 2011) . In order to select a highly active and stable catalyst for biodiesel production, several solids -most with basic character -have been used in the methanolysis of soybean oil supplied by a local industry. Special emphasis is given to the reuse of the catalyst, in consecutive reaction batches, in order to identify processes leading to deactivation.
EXPERIMENT

Preparation and Characterization of the Catalysts
Based on previous work reported in the literature concerning the use of heterogeneous catalysts (Huaping et al., 2006; Xie and Li, 2006; Santos, 2007; Albuquerque et al., 2008a,b; Bengapornkulaphong et al., 2008; Damiao, 2008; Gomes et al., 2008; MacLeod, 2008; Park et al., 2008; Sree et al., 2009 ), a pre-screening comprised of several solid catalysts was carried out in order to select catalysts that showed promising performance in terms of the methyl ester (biodiesel) yield, reaction conversion, cost, and ease of preparation. This pre-screening was comprised of testing about 20 solid basic catalysts. These basic catalysts were prepared by wet impregnation or co-precipitation methods. Briefly, aqueous solution nitrate salts (Li, K, Mg, Ca, Sr, Zn, and Al) were used and co-precipitation was carried out under vigorous stirring. For samples prepared by impregnation the support material was added to the hot (≈80 o C) solution containing the supported element and then water was slowly removed by heating. All of the obtained solids were dried overnight (120 o C) and then calcined in a muffle in order to remove volatile components such as NO 3-and water. The calcination temperature was chosen taking into account the weight loss profile obtained by thermogravimetry. For calcium and strontium containing catalysts, high calcination temperatures (≈800 o C) were used to ensure that all the carbonate species were removed from the catalyst surfaces.
The dried powders were characterized by thermogravimetry in order to choose the calcination temperature. Thus, 60-100 mg powder samples were heated at 5 o C/min from room temperature to 1000 o C under air flow. The thermogram (weight sample versus temperature) allowed us to choose the temperature (calcination temperature) at which the sample weight became stable.
Fresh and post-reaction catalyst samples were also characterized by horizontal attenuated total reflection mid-infrared (HATR-MIR) analysis in order to identify surface species that allowed the loss of activity. The spectra were collected using Fourier transform MIR equipment from BOMEN (FTLA2000-100, ABB) with a DTGS detector. A HATR accessory, from PIKE Technologies, with a ZnSe crystal was used. Sixty-four scans were accumulated for each spectrum to obtain an acceptable signal-to-noise ratio.
Raw Oil Pre-Treatment
The methanolysis tests were performed using degummed and neutralized soybean oil from a local industry. Thus, the raw oil was subjected to a pre-treatment consisting of the addition of 0.05 (wt%) of H 3 PO 4 , for gum removal, followed by neutralization with NaOH solution, 8%, until the oil acidity index reached <1 mg KOH/g. After centrifugation (8000 rpm, 15 min), the oil was washed twice, first with 50 mL of citric acid solution (pH = 3.5) and afterward with 50 mL of distilled water. The obtained oil was centrifuged again and dried in a rotovapor unit at 80 o C under reduced pressure (≈500 mm Hg), for 30 min.
Methanolysis Catalytic Tests
The methanolysis reaction conditions were chosen in order to obtain the maximum methyl ester (FAME) yield. Thus, the catalytic tests were carried out in a 500 mL three-neck round-bottom flask equipped with a condenser and a mechanical stirrer. The reaction temperature was kept at 62 o C by a water bath. Typically, a mixture of 100 mL of oil with 12:1 (molar ratio) of methanol (pro-analysis.) was used as the reaction mixture. The catalysts were dried at 120 o C several hours before use in order to remove the water and other adsorbed molecules such as CO 2 . For each test, 5% (w/w, oil basis) of the catalyst was used. A reaction time of 5-7 h was used to achieve the maximum FAME yield.
Reaction Product Purification
After reaction, the powder catalyst was removed by filtration. The liquid effluent was transferred into a decantation funnel in order to separate, by gravity, the FAME from the glycerol phase. The biodiesel (FAME) containing the phase was washed three times with 15 mL of distilled water, 10 mL of nitric acid solution 1.5%, and 20 mL of distilled water, respectively. The sample was then centrifuged at 8000 rpm for 15 min and dried in a rotovapor unit at 80 o C, using reduced pressure, for 30 min.
Determination of Methyl Ester Content
The FAME content in the purified biodiesel phase was taken as a measure of the reaction progress (Puna et al., 2010) and the FAME content and density of the biodiesel was assessed by near-infrared (NIR) spectroscopy as reported by Felizardo et al. (2007) and Baptista et al. (2008) . The spectra of the biodiesel-containing samples were acquired using an ABB BOMEM MB160 (Zurich, Switzerland) spectrometer equipped with an InGaAs detector and a transflectance probe from SOLVIAS (Basel, Switzerland). The NIR spectra of the raw oil and biodiesel are presented in Fig. 3 . A spectral region between 6102 and 5880 cm -1 was used to determine the FAME content of the samples because (as shown in Fig. 3 ) this is one of the spectral regions that allows distinguishing biodiesel from oils (Felizardo et al., 2007) . In fact, in this region the methyl esters display sharp peaks while the feedstock oil exhibits only shoulders (Knöthe, 1999) . The NIR model used in this work allows predicting ester content in biodiesel for samples within the calibration range (78.4-99.3% of FAME) with an error of 1%, which is lower than the maximum error expected for the Gas Chromatography-referenced method error (±1.5%) (Felizardo et al., 2007) . Concerning the density, the NIR model developed between 877 and 922 Kg/m -3 allowed predicting this property with an error of 1 Kg/m -3 (Baptista et al., 2008) .
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FIG. 3:
Typical NIR spectra of soybean oil, soybean FAME (basic homogeneous catalysis), and oil + FAME mixture containing 5%, 10%, and 20% (w/w) of methyl esters Table 2 shows the main catalytic data for the prepared catalysts. The data in Table  2 show that catalysts based in alkaline earths are active in the transesterification reaction presented in the tested, mild, condition FAME yields higher than 90%. Similar findings have been reported by other authors (Knöthe, 1999) . As expected, the density of the oil phases decreases, raising the FAME content (Puna et al., 2010) . In order to test catalyst stability, all of the solids after the first reaction batch were washed with methanol and subjected to a consecutive methanolysis batch. Only the CaO and lithium-modified CaO catalysts maintained the catalytic activity in the second reaction batch (Fig. 4) . Surface infrared spectra for inactive and lowactivity catalysts showed that surface species can be identified as oil since infrared features are similar to those of oil (Fig. 5) . It seems that surface adsorption of oil species hindered the methanol surface activation, thus decreasing the methanolysis reaction rate. 
RESULTS
CONCLUSIONS
As reported in the literature, alkaline earth catalysts display interesting catalytic performance during methanolysis of soybean oil even when using mild reaction conditions. However, catalysts deactivate fast mainly due to surface adsorption of oil. It seems that surface activation of methanol is hindered by adsorption of oil, thus decreasing the methanolysis reaction rate. Surface modification with alkaline elements such as Li can contribute to minimizing such drawbacks, thus further research work must be accomplished in order to optimize catalyst composition. Other alkaline and/or alkaline earth elements must be used to modify the surface characteristics of cheap materials such as lime and magnesia in order to obtain active and stable methanolysis catalysts.
